Methodology 2.1 Raw materials and Bio-coke production
Japanese cedar (JC) used in this study is a residue from the furniture industry, collected from Gobo City, Wakayama, Japan. The wood chip residue, 80% of trunk and 20% of bark (approximately), was ground into powder and delivered to the Bio-Coke research institute. After the sieving process, Japanese cedar powder size 53-150 µm was used as the base raw material of bio-coke. A standards ultimate analysis and a quantitative determination of lignocellulose component (Tagami and Ida, 2018) of JC powder is shown in Table 1 . Cellulose is a dominant component among a lignocellulose in JC. Moisture content of the cedar powder was adjusted at 10 wt. % and kept in a sealed container. Glucomannan powder from the Konjac tuber representing hemicellulose, was dried overnight in a 80 degrees Celsius oven. The adjusted moisture content cedar and 0, 2, 5, 8, 10 and 15 wt. % of dried glucomannan powder was mixed then fed into 12 mm BIC mold (laboratory scale). Production process starts with heating the BIC mold by electric furnace to 463 K, sustained for 225 seconds. The mold was then cooled down by fan until it returned to room temperature. The BIC samples production conditions are shown in table 2. The weight of the raw materials varied depending on the BIC characterization testing, which are 2 g for the compression testing and 1 g for the heating value testing. Each various condition has been reproduced 9 times, divided into two groups, six samples of 2 g and three samples of 1 g. The number of measurement repetitions is 3 times for the same experiment condition.
Bio-coke Characterization 2.2.1 Apparent density and heating value
Apparent density and heating value of solid biofuel are two major parameters that define the qualities of densified biomass (Tumuluru et al., 2010) . Apparent density (g/cm 3 ), also known as particle density, of samples is a factor which impacts storage and transportation costs. Moreover, this factor also influences the combustion behavior in terms of solid biofuel efficiency. The apparent density of BIC samples was measured right after the production process. A calorific value (MJ/kg) is a term which determines the amount of energy contained in fuel. The calorific value is collected by measuring the difference of water temperature during fuel combustion via bomb calorimeter. The calorific value of biomass varies depending on the chemical component, and forming conditions. An auto-calculating bomb calorimeter, CA-4AJ (Shimadzu) was used as an apparatus in this study.
Compressive strength
Compressive strength is another important characteristic that shows the ability of BIC to withstand compression. It is important to understand the compressive strength of BIC in order to apply as an alternative to coal coke in the steel industry. This research divides the compressive strength experiment into two parts by using the same SHIMADZU (UH-F2000KNA) compression machine, the first experiment performed at room temperature, and the other was at 973 K. The machine is connected to TRAPEZIUM X software which allows the collection of real time Young's Modulus of the test samples. The maximum compressive strength of samples are collected from the relationship between stress and strain. Figure 1 shows the compression experiment schematic. In the case of compressive strength at 973 K experiment, the inside of the heating chamber is covered by N 2 gas to simulate BIC burning circumstances in blast or Cupola furnace. The test sample is under a constant load at 0.1 MPa in the heating zone, shown in Fig. 1 (a) . The compression test starts after the chamber temperature reaches 973 K. 
Results and Discussion 3.1 Apparent density and heating value
BIC samples were successfully produced from a mixture of Japanese cedar and additional hemicellulose (glucomannan powder from Konjac tuber) under all various conditions. The results of linear regression analysis, (Fig. 2  a) shows that the apparent density is affected by additional hemicellulose ratio with 0.985 of Pearson's correlation. The highest and lowest apparent density of BIC in this research is at 1.435 g/cm 3 and 1.416 g/cm 3 repectively, from 15% of additional hemicellulose. This result is explained by the softening behavior of hemicellulose, the softening temperature of dried hemicellulose has been reported at 423 K by Goto et al., 2012 and Tagami et al., 2019 . The softening behavior of Japanese cedar was reported by Tagami et al., 2019 at approximately 460 K. Since the forming temperature of this research is 463 K, the increasing of additional hemicellulose results in greater reaction between materials particles.
Hemicellulose has the lowest molecular weight among the biomass three main components. For this reason, the additional hemicellulose particles increase the reactions in the molecular levels between the JC main components and additional hemicellulose during the transformation process. The molding temperature softens and causes bonding mechanism, such as the hydrogen bonding. Additional hemicellulose could bond with cellulose molecule at the reducing end, at the amorphous region, increases lignin-carbohydrate complex or reacts with the additional particle itself. This result in the higher apparent density of BIC product. shows the relationship between calorific value and additional hemicellulose ratio. The calorific value of BIC appears to decrease as the percentage of additional hemicellulose increases, with a Pearson's correlation of -0.971 (solid line). The highest calorific value of BIC is at 19.6 MJ/kg from 100% JC. It has slightly decreased until 15 wt. % of hemicellulose mixture, 19.0 MJ/kg. The low calorific value of glucommannan powder reduces the value of BIC samples by 3%. The calorific value of raw materials were 19.5 MJ/kg for JC and 14.9 MJ/kg for glucomannan powder from Konjac tuber. Dot line in Fig. 2 (b) show the calculate value base on the calorific value of raw materials percentage which lower than the BIC calorific value. The reason is because calorific value is an energy release per weight. A high apparent density characteristic of BIC, which is calculated from the weight per volume, result in higher calorific value.
Compressive Strength
BIC made from JC with 5 wt. % and 8 wt. % of additional hemicellulose have the highest maximum compressive strength at room temperature which are 169.0 and 168.9 MPa. As shows in Fig. 3 (a) , the maximum compressive strength results fit almost perfectly with the estimate Gauss curve (non-linear curve fit) which calculated following Eq. (1) (1) (a) (b) Fig. 3 Maximum compressive strength at various additional hemicellulose ratio (a) and Beta hemicellulose (b) The change in maximum compressive strength value is also explained by the softening behavior of biomass. The softening region of raw material affects the macroscopic properties of solid biofuels (Kaliyan et al., 2010) . The forming temperature of BIC at 463 K in this study is in the softening region of Japanese cedar (for the initial moisture content at 10 wt. %) and 20 K greater than glucomannan powder (Tagami et al., 2019) . As mentions earlier about the reaction during the BIC transformation process in the molecular level, the additional hemicellulose react and bond with the molecules JC components. However, the higher hemicellulose content weakens the products strength. These bonds might decrease the cellulose crystalline region which is held together by the interchain bonding and cause the decreasing of the products maximum compressive strength. Another considerable factor is the initial moisture value which would affect the maximum compressive strength, and also the apparent density. In solid biofuels process, the moisture content of raw materials is an important factor in binding mechanism. It varies depending on the type of material, such as hardwoods, softwoods, and glasses. According to Tagami and Ida, 2019 , which conducted the experiment on the solidification characteristics and maximum compressive strength, the higher initial moisture content the lower maximum compressive strength. In this case, the higher moisture content of mixtures could negatively affect the product strength.
The results of maximum compressive strength at 973 K shown in Fig. 4 , which are 2.9, 3.3, 2.7, 4.8, 6.8, and 3.7 MPa, divided into 3 zones. The green line is the estimate linear line of 0 to 5 wt. % of additional hemicellulose. In this zone there is no significant change, because the bonding mechanism between JC particles remains in the same level. On the other hand, at the red line zone (5 to 10 wt. % of hemicellulose), the maximum compressive strength increases sharply with Pearson's correlation of 0.995. Hemicellulose particles improve the chemical reaction between JC particles and also the reaction between JC and hemicellulose particles. The highest result of maximum compressive strength at 973 K (10 wt. % of hemicellulose) is about two times lower than the result of coal coke. Coal coke (48 mm diameter) has dominantly high maximum compressive strength at 973 K of about 14 MPa. This means that the chemical bonding of hemicellulose and biomass particles might be the key to improve the strength of solid biofuels application in the melting furnace. However, the maximum compressive strength at 973 K has decreased with 15 wt. % of hemicellulose, which mean the reaction between the hemicellulose particles itself decreases the strength of BIC. Hemicellulose is reported to be decomposed by thermal around 453 to 573 K. According to Tagami et al., 2019 , glucomanan powder used in this study starts to decompose at 443 K. The additive glucomannan particles could transform into different structures such as furfural or O-acetyl during the BIC production, results in improvement of the product with 5 to 10 wt. % of hemicellulose. Meanwhile, at 15 wt. % hemicellulose content, the additive particles are not able to bond with JC particles and remain the same. Under the high temperature atmosphere before and during the compressive experiment (at 973 K), the remaining hemicellulose was decomposed and reduced the maximum compressive strength result. Figure 5 show how the maximum compressive strength at room temperature and 973 K relate to each other with the estimate lines. The change at 0 to 5 wt. % of hemicellulose, only occurs in room temperature strength. It increase about 5 MPa, but dominated almost the same for the strength at 973 K. Meanwhile, from 5 to 10 wt. % of hemicellulose, the positive influence is significant for the 973 K, but not major for the strength at room temperature. Both strength show the dramatically drop at 15 wt. % of additional hemicellulose. Based on qualitative binding mechanism, cellulose, hemicellulose, and lignin are bonded together create a micro fibrils structures of wood cell walls. These components is bound together during the BIC transformation. The additional hemicellulose increases the total hemicellulose content of BIC products and decreases the content of cellulose and lignin at the same time. At 5 to 10 wt%. of additional hemicellulose, the ratio between total hemicellulose and lignin became greater. At the same time the ratio between hemicellulose and cellulose became smaller. The ratio of total hemicellulose and lignin between 5 to 10 wt%. is almost two times difference, and conversely for cellulose. It creates the binding mechanism that responsible for the strength at high temperature. Under the high temperature environment, the binding mechanism that causes by the increasing amount of hemicellulose, occurs at the inner part of BIC remains enduring enough to withstand the compressive loading.The further study of quantitative binding mechanism related to the 3 mains component of biomass, such as the micro structure via FT-IR and NMR, of BIC needs to be conducted in order to express more in details.
The results of study show that Japanese cedar base BIC with additional hemicellulose higher than 15 wt. % has the lowest thermal and mechanical properties. Even though it has the highest apparent density, its mechanical strength at room and 973 K has decreased about 5 % and 45 % respectively comparing to 10 wt. % of hemicellulose mixture. The apparent density of BIC with 10 wt. %, 1.429 g/cm 3 , is considered as a high apparent density solid biofuel. Thus, it is not necessary to add hemicellulose more than 10 wt. % in the JC base BIC. 
Conclusion
The operating conditions of this study are suitable to produce Japanese cedar bio-coke. The bio-coke characteristics studied are concluded in following points. 1) Additional hemicellulose has influenced as linear regression in case of apparent density and calorific value of bio-coke. It increased the bio-coke apparent density sharply, average of 1.428 g/cm 3 , but slightly decreased the calorific value by 3 %.
2) Bio-coke contained 5 to 8 wt. % of additional hemicellulose have the highest maximum compressive strength at room temperature with 169.0 MPa because of the softening behavior of Japanese cedar and hemicellulose.
3) At 10 wt. % of additional hemicellulose bio-coke presented in ultimate maximum compressive strength at 973 K which is 6.7 MPa (about 2 times higher than pure Japanese cedar bio-coke). 4) Bio-coke with 15 wt. % of additional hemicellulose shows the poorest quality in all characteristics studied, except for the apparent density.
More study needs to be conducted in order to conclude the maximum compressive strength at furnace operating temperature, for example, the change in macro and micro structure during the bio-coke reaction.
